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Topic of this workshop: Light secluded physics

• The concept is decades-old (think axion in 
1970s, or neutrinos in 1930s!)

• A lot of recent attention motivated by 
models of the Dark Matter

• PAMELA data -> Sommerfeld 
enhancement

• Light DM: the annihilation cross section 
has to be large enough to leave 
sufficiently small thermal relic 
population, not to overclose the universe

• Hints of small-scale structure (cusps vs 
cores, too-big-to-fail, etc)

• Other motivations, e.g., g-2
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

In the non-perturbative regime, analytic results have
been obtained in the classical limit (m
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Outside the realm of applicability for either of these

analytic results, we solve the Schrödinger equation using
the numerical recipe outlined in [13].

V. LATE KINETIC DECOUPLING: WHERE
THE MISSING SATELLITES WENT

Even after the number-changing annihilation reactions
cease being in equilibrium, kinetic equilibrium between
DM and the steriles can persist via elastic scattering,
X⌫

s

$ X⌫
s

. This late kinetic decoupling delays the
formation of the smallest protohalos and may o↵er a so-
lution to the missing satellites problem [12, 15, 28–30].

The momentum relaxation rate from this process can
be roughly estimated from, �
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where the factor in parentheses accounts for the fact
that many sterile scatterings are required to appreciably
change the DM momentum. Then using n
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one can estimate the temperature of kinetic decoupling
by equating the momentum relaxation rate to the Hubble
rate, �

mom

= H.
Though the above sketch is qualitatively correct, we

employ a method along the lines of [31] which incorpo-
rates the e↵ects of Fermi-Dirac statistics and Pauli block-
ing. With this method we find the temperature of DM-
sterile neutrino kinetic decoupling to be (see Appendix
for details):
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where g⇤ is the e↵ective energy degrees of freedom pa-
rameter.

The final ingredient to make contact with the missing
satellites problem is to relate the temperature of kinetic
decoupling to the mass of the smallest DM protohalos.
It has been observed that for small kinetic decoupling

the e↵ects of acoustic oscillations dominate over those
coming from free-streaming. Thus the concomitant sup-
pression in the halo mass function is simply estimated
from the amount of DM in the horizon at temperature
T
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,
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where M� = 1.1⇥1057 GeV is a solar mass. For halo cut-
o↵s addressing the missing satellites problem, 109�10M�,
this requires temperatures T

KD

' 0.1 � 0.5 keV.

VI. STERILE NEUTRINO ABUNDANCE AND
TEMPERATURE

After the Dark sector decouples from the Standard
Model, the temperature ratio between radiation in the
two sectors is easily estimated from the conservation of
entropy under the assumption that the two sectors shared
a common temperature in the past, T

d

. This is found to
be
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Thus taking T
d

= 1 TeV and assuming both the scalar
and vector were in equilibrium at early times but not at
kinetic decoupling, we find T

s

/T
�

' 0.47.
Models of sterile neutrinos with dark sector interac-

tions have previously shown that immediately after de-
coupling the finite temperature self-energy contribution
to the sterile neutrino e↵ective mass strongly suppresses
the mixing angle between the active and sterile neutri-
nos [15, 32]. This has the e↵ect of isolating the dark
sector from the standard model sector by reducing the
rate of ⌫active � ⌫sterile scattering, to the extent that it
is much less than the expansion rate of the universe.
This prevents that Dark sector from thermalizing with
the Standard Model sector through neutrino scattering
at temperatures above 15 MeV.

We have discovered that this is not the end of the evo-
lution of the relic sterile neutrino population, however.
Once the temperature of the relic sterile neutrinos has
dropped to a su�ciently low level, the thermal contribu-
tion to the neutrino self energy will become small enough

Ethan Brown Dark Interactions Workshop – Oct 5th 2016
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Projections for Heavy WIMPs
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What scales are favored for the mediator?

• Self interactions: to get rid of cold cores, bring them in contact with hotter 
components of the halo. (Spergel & Steinhardt, PRL 2000 + hundreds more)

• DM-DM scattering. Required cross section is

• Huge cross section! 102 fm2 ⇒(107 eV)-2

• Not Weak Interactions 

• The mediator particle in the <10 MeV range could do it

• For this physics to evade detection, it must be well secluded from the 
Standard Model

� ⇠ 1 cm2(mX/g) ⇠ 10�24 cm2(mX/GeV)
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Search strategies

• Crucially depend on the nature of the link between the secluded sector and 
the Standard Model

• Standard argument: consider dim 4 operators 

• Kinetic mixing portal: F F’

• Higgs portal |H|2|η|2

• Neutrino portal HLνR

• Here we will instead consider the Neutrino mixing portal, mediated by dim 5 
operator (HL)(ηνR)/Λ
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Why?

• We don’t know which portal is realized, have to look everywhere

• For example, if the hidden group is not U(1), the kinetic mixing portal is not 
there

• Yet, most dark matter properties would still be addressed by the hidden 
interactions (relic abundance, self-interactions)

• The neutrino mixing portal is also well motivated. And there may be even 
some experimental hints.
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Neutrino Mixing Portal: Framework

Assume the hidden sector contains a light fermion, νh, which couples via an A’-mediated 

interaction. This state mixes with the Standard Model neutrinos, νa. For the sake of the 
argument, this could be the only link to the Hidden Sector

The dark sector has a Higgs mechanism with a field  η   that gives A’ its light mass

• Simple renormalizable see-saw Lagrangian. Upon integrating out the heavy right-handed  
νR, one gets a light “sterile”  νh mixing with the usual active neutrinos in L

•    

• Akin to “mirror worlds” (Foot, Volkas, Mohapatra ... 1990s). See also the “baryonic 
neutrino” in Pospelov, arXiv:1103.3261, only we don’t want the hidden gauge group to 
directly couple to the SM baryon number (which could induce large NSI). 

Leff ⇠ (LH)(⌫D⌘)

M

L ⇠ LH⌫R + ⌫h⌘⌫R +M⌫R⌫R
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Experimental evidence? Sterile neutrinos at 
oscillation experiments

VOLUME 77, NUMBER 15 P HY S I CA L REV I EW LE T T ER S 7 OCTOBER 1996
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A search for nm ! ne oscillations has been conducted at the Los Alamos Meson Physics Facility by
using nm from m1 decay at rest. The ne are detected via the reaction ne p ! e1 n, correlated with a
g from np ! dg (2.2 MeV). The use of tight cuts to identify e1 events with correlated g rays yields
22 events with e1 energy between 36 and 60 MeV and only 4.6 6 0.6 background events. A fit to
the e1 events between 20 and 60 MeV yields a total excess of 51.0120.2

219.5 6 8.0 events. If attributed
to nm ! ne oscillations, this corresponds to an oscillation probability of (0.31 6 0.12 6 0.05)%.
[S0031-9007(96)01375-0]

PACS numbers: 14.60.Pq, 13.15.+g

We present the results from a search for neutrino os-
cillations using the Liquid Scintillator Neutrino Detector
(LSND) apparatus described in Ref. [1]. The existence of
neutrino oscillations would imply that neutrinos have mass
and that there is mixing among the different flavors of neu-
trinos. Candidate events in a search for the transformation
nm ! ne from neutrino oscillations with the LSND de-
tector have previously been reported [2] for data taken in
1993 and 1994. Data taken in 1995 have been included in
this paper, and the analysis has been made more efficient.
Protons are accelerated by the Los Alamos Meson

Physics Facility (LAMPF) linac to 800MeV kinetic energy
and pass through a series of targets, culminating with the
A6 beam stop. The primary neutrino flux comes from p1

produced in a 30-cm-long water target in the A6 beam stop
[1]. The total charge delivered to the beam stop while
the detector recorded data was 1787 C in 1993, 5904 C
in 1994, and 7081 C in 1995. Neutrino fluxes used in our
calculations include upstream targets and changes in target
configuration during these three years of data taking.
Most of the p1 come to rest and decay through

the sequence p1 ! m1nm, followed by m1 ! e1nenm,
supplying nm with a maximum energy of 52.8 MeV. The
energy dependence of the nm flux from decay at rest

(DAR) is very well known, and the absolute value is
known to 7% [1,3]. The open space around the target
is short compared to the pion decay length, so only 3% of
the p1 decay in flight (DIF). A much smaller fraction
(approximately 0.001%) of the muons DIF, due to the
difference in lifetimes and that a p1 must first DIF. The
total nm flux averaged over the detector volume, including
contributions from upstream targets and all elements of
the beam stop, was 7.6 3 10210nmycm2yprotony.
A ne component in the beam comes from the sym-

metrical decay chain starting with a p2. This back-
ground is suppressed by three factors in this experiment.
First, p1 production is about 8 times the p2 produc-
tion in the beam stop. Second, 95% of p2 come to rest
and are absorbed before decay in the beam stop. Third,
88% of m2 from p2 DIF are captured from atomic or-
bit, a process which does not give a ne. Thus the rela-
tive yield, compared to the positive channel, is estimated
to be , s1y8d 3 0.05 3 0.12 ≠ 7.5 3 1024. A detailed
Monte Carlo simulation [3] gives a value of 7.8 3 1024

for the flux ratio of ne to nm.
The detector is a tank filled with 167 metric tons of dilute

liquid scintillator, located about 30 m from the neutrino
source and surrounded on all sides except the bottom

3082 0031-9007y96y77(15)y3082(4)$10.00 © 1996 The American Physical Society
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Short-baseline oscillations?

• Hints for Δm2 ~ 1-3 eV2

• Accumulated by a number of 
experiments: LSND, MiniBOONE, 
reactor data

• While a number of other 
oscillation searches have 
obtained valuable constraints 
(ICARUS, IceCube, etc), no 
conclusive resolution after two 
decades

• See Andre’s talk
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20 years in neutrino physics

• It is pretty outrageous that the issue 
remains open after 20 years

• 20 years is an eternity of neutrino 
physics

PDG 1996
http://pdg.lbl.gov/1996/www_2ltab.ps
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And just about a year ago
6 OCTOBER 2015

Scientific Background on the Nobel Prize in Physics 2015

N E U T R I N O  O S C I L L AT I O N S

compiled by the Class for Physics of the Royal Swedish Academy of Sciences

THE ROYAL SWEDISH ACADEMY OF SCIENCES, founded in 1739, is an independent organisation whose overall objective is to promote the sciences 
and strengthen their influence in society. The Academy takes special responsibility for the natural sciences and mathematics, but endeavours to promote 
the exchange of ideas between various disciplines.

BOX 50005 (LILLA FRESCATIVÄGEN 4 A), SE-104 05 STOCKHOLM, SWEDEN 
TEL +46 8 673 95 00, INFO@KVA.SE � HTTP://KVA.SE

11Thursday, October 6, 16



FNAL: Short-Baseline Neutrino Oscillation Program

• 3 detectors in the Booster Neutrino Beam, at different distances from the 
decay pipe

• Aim: to conclusively test the anomalies of LSND/MiniBooNE as oscillations 

A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam
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Sterile neutrinos: cosmological problems?

• Recent results from Planck measure relativistic energy density in the 
universe at matter/rad equality -> CMB decoupling

• Planck 2015 [arXiv:1502.01589] reports Neff=3.15±0.23 and for the 
mass mν < 0.23 eV

• Are sterile neutrinos that the SBN program plans to search for 
already ruled out by cosmology?
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Sterile neutrinos in cosmology: basics

14Thursday, October 6, 16



Radiation in the early universe: ν’s and γ’s

• By the CMB epoch (T ~ 1/4 eV), the standard model neutrinos are decoupled 
from the plasma. Sterile even more so.

• The effect of these neutrinos on CMB is imprinted by gravity only

• The abundance of neutrinos relative to photons is set earlier. When?

• SM neutrino decoupling from electron-positron plasma: σ n ~ expansion rate

• If sterile neutrinos are brought into equilibrium with active by this epoch, 
dangerous!

G2
FT

2T 3 ⇠ T 2/Mpl ! TSM
dec ⇠ (G2

FMpl)
�1/3 ⇠ 1 MeV
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Sterile neutrino production in the early universe

• Oscillations + collisions!

• Oscillations alone:  

• Collisions are flavor-sensitive; project the state on the |e>, |s> flavor basis 
state, allows oscillations to restart. Rate of flavor change: 

• Sterile neutrino decoupling:  

P (⌫a ! ⌫s) = sin2 2✓as sin
2(�m2/4Et) ! (1/2) sin2 2✓as for t> 4E/Δm2

G2
FT

2T 3(1/2) sin2 2✓as

Dolgov & Barbieri (1990) + hundreds more since

G2
FT

2T 3 sin2 2✓as ⇠ T 2/Mpl

! T sterile
dec ⇠ (G2

FMpl sin
2 2✓as)

�1/3 ⇠ TSM
dec (sin2 2✓as)

�1/3 ⇠ 4 MeV
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Active-sterile conversion: earlier times

• We saw that active-sterile conversion decouples shortly before active neutrinos 
decouple from photons through weak freeze-out

• The interesting thing is that these conversions are also frozen at early times

• Two reasons: I. When collisions are more frequent than the oscillation length, the 
oscillations are rest too soon (the Quantum Zero effect)

• II. The (CP-symmetric) medium creates an MSW potential for neutrinos, ~ GF2 T5, that 
suppresses oscillations [Notzold and Raffelt (1988)]. Same order effect as collisions.

• Weak Interactions are not strong enough to qualitatively change the evolution 
(prevent thermalization)

G2
FT

2T 3 & �m2/T ! T & (�m2/G2
F )

1/6 ⇠ 50 MeV
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Sterile neutrino coupling window

• The active-sterile system couples, 
then decouples!

• Several ways around this: change 
mixing, splitting, or GF

• For sufficiently small mixing 
angles, the νs production is never 
equilibrated; in the scenario of νs 
DM, this allows making just 
enough νs, without overclosing the 
universe  [Dodelson and Widrow 
(1994)]

T ⌫s
opt

⇠ (�m2/G2
F

)1/6

T e+e�
dec ⇠ (G2

FMpl)
�1/3

T ⌫s
dec ⇠ (G2

FMpl sin
2 2✓as)

�1/3

T ⌫s
high ⇠ (sin2 2✓(�m2)2G�2

F Mpl)
1/9
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Hidden interactions to the rescue?

• What if sterile neutrinos were actually not sterile, but interacting through their 
own force?

• Once there is some population of hidden neutrinos, this would induce an 
MSW potential that would suppress mixing between νa and νh . Would that 

shut off νa -> νh thermalization?

• This is the Babu-Rothstein framework 

• Babu & Rothstein, Phys.Lett. B275 (1992) 112-118
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Recent resurgence of interest

• Persistent short-baseline anomalies on the one hand and Planck’s constraints 
on Neff on the other brought about renaissance of the BR idea 

• The contribution to the MSW potential is found by analogy with Weak 
Interactions, massless QED.

•

B. Dasgupta, J. Kopp, PRL (2014);
S. Hannestad, R. S. Hansen, and T. Tram, PRL (2014);

plus a number of others (see later)

Notzold & Raffelt (1988)

Weldon (1982)V ⇠ +
g2T 2

E
, T,E � M

V ⇠ �g4ET 4

M4
, T, E ⌧ M

5

BBN, CMB, and large-scale structure if we allow them
to be charged under a new gauge interaction mediated
by a MeV-scale boson. In this case, sterile neutrino pro-
duction in the early Universe is suppressed due to the
thermal MSW potential generated by the mediator and
by sterile neutrinos themselves. Our proposed scenario
leads to a small fractional number of extra relativistic
degrees of freedom in the early Universe, which may be
experimentally testable in the future. If the considered
boson also couples to DM, it could simultaneously ex-
plain observed departures of small-scale structures from
the predictions of cold DM simulations.
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Appendix A: Thermal Corrections to Self-Energy

Here, we derive the dispersion relation for sterile neu-
trinos coupled to a U(1)� gauge force in the regime of
nonzero temperature and density. Our approach closely
follows [19, 20, 53, 54].

From considerations of Lorentz invariance, the sterile
neutrino self energy at one-loop can be expressed as

⌃(k) = (m � a/k � b/u)PL . (8)

Here, PL = (1 � �5)/2 is a chirality projector, m is the
sterile neutrino mass, p is its 4-momentum and u is the
4-momentum of the heat bath. We work in the rest frame
of the heat bath, so we take u = (1, 0, 0, 0).

This thermal self-energy modifies the dispersion rela-
tion to

det(/k � ⌃(k)) = 0 , (9)

which, in the ultrarelativistic regime, k0 ⇡ |k|, gives

k0 = |k| + m2

2|k| � b (10)

to linear order in the coe�cients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,
k0 = |k| + m2

2|k| , is modified by an e↵ective potential

V
e↵

⌘ �b . (11)

The coe�cient b can then be obtained according to the
relation

b =
1

2k2

⇥
[(k0)2 � k2]tr /u⌃(k) � k0tr /k⌃(k)

⇤
. (12)

So, the remaining job is to calculate ⌃(k).

�s �s

A�

A�

�s �s

f

�s

Figure 3. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an e↵ective “matter” potential.

We assume a Lagrangian L
int

= e�f̄�
µPLfA

0
µ, where

e� is the U(1)� gauge coupling. At lowest order, ⌃(k)
receives contributions from the bubble and tadpole dia-
grams shown in Fig. 3. In the real time formalism, these
diagrams are calculated using the thermal propagators
for the fermion,

S(p) = (/p+m)


1

p2 � m2

+ i�f (p)

�
, (13)

and the gauge boson (in Feynman gauge)

Dµ⌫(p) = �gµ⌫


1

p2 � M2

+ i�b(p)

�
. (14)

The thermal parts are given by

�f (p) = 2⇡�(p2 � m2)⌘f (p) , (15)

�b(p) = 2⇡�(p2 � M2)⌘b(p) , (16)

respectively, with the distribution functions

⌘f (p) = [e|p·u|/Ts + 1]�1 , (17)

⌘b(p) = [e|p·u|/Ts � 1]�1 . (18)

The form of S(p) and Dµ⌫(p) can be understood from
the fact that at finite temperature and density, there are
not only virtual ⌫s and A0 in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 3 are given by

⌃
bubble

(k) = �ie2�

Z
d4p

(2⇡)4
�µ PL iS(p+ k) �⌫ iDµ⌫(p) ,

(19)

⌃
tadpole

(k) = ie2��
µ PL iDµ⌫(0)

Z
d4p

(2⇡)4
tr


�⌫ PL iS(p)

�
.

(20)

K. Enqvist, K. Kainulainen, and J. Maalampi, Nucl.Phys. B349, 754 (1991).
C. Quimbay and S. Vargas-Castrillon, Nucl.Phys. B451, 265 (1995), hep-ph/9504410.
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Mixing suppression

• From Dasgupta & Kopp, 1310.6337v4 [PRL 2014]

2

ditional e↵ective number of fully-thermalized neutrinos
at BBN, for a single left-handed sterile neutrino (and its
right-handed antineutrino) and a relativistic A0, is

�N⌫ ⌘ ⇢⌫s + ⇢A0

⇢⌫
=

(g⌫s + gA0)T 4

s

g⌫ T 4

⌫

(1)

=

�
7

8

⇥ 2 + 3
� ⇥ �

10.75
106.7

� 4

3

�
7

8

⇥ 2
� ⇥ �

4

11

� 4

3

' 0.5 , (2)

which is easily consistent with the bound from BBN, viz.,
�N⌫ = 0.66+0.47

�0.45 [12]. Up to 3 generations of sterile
neutrinos could be accommodated within ' 1�. Note
that we have conservatively taken T⌫ at the end of BBN.

At lower temperatures, Ts . 0.1MeV, A0 becomes non-
relativistic, and decays to sterile neutrinos, heating them
up by a factor of ' 1.4. However, these neutrinos with
masses m & 1 eV, are nonrelativistic by the epoch of
matter-radiation equality (T� ' 0.7 eV) and recombina-
tion (T� ' 0.3 eV). Thus the impact of thermal abun-
dances of A0 and ⌫s on the CMB and structure formation
is negligible. See also [16–18] for alternate approaches.
We will now show that oscillations of active neutrinos into
sterile neutrinos, which are normally expected to bring
the two sectors into equilibrium again, are also strongly
suppressed due to “matter” e↵ects.

The basic idea underlying our proposal is similar to the
high-temperature counterpart of the MSW e↵ect. Let us
recall that at high temperatures, i.e., in the early Uni-
verse, an active neutrino with energy E experiences a
potential V

MSW

/ G2

FET 4

� due to their own energy den-
sity [19]. This is not zero even in a CP symmetric Uni-
verse. A similar, but much larger, potential can be gen-
erated at high-temperature for sterile neutrinos, if they
couple to a light hidden gauge boson A0. There are two
types of processes that can contribute to this potential
— the sterile neutrino can forward-scatter o↵ an A0 in
the medium, or o↵ a fermion f that couples to A0.

These interactions of the sterile neutrino with the
medium modify its dispersion relation through a poten-
tial V

e↵

:

E = |k| + m2

2E
+ V

e↵

, (3)

where E and |k| are the energy and momentum of the
sterile neutrino.

We calculated V
e↵

using the real time formalism in
thermal field theory (see Appendix A). Physically, this
potential is the correction to the sterile neutrino self-
energy. In the low-temperature limit, i.e., Ts, E ⌧ M , we
find V

e↵

' �28⇡3↵�ET 4

s /(45M
4) , similar to the poten-

tial for active neutrinos [19], with ↵� ⌘ e2�/(4⇡) being the
U(1)� fine-structure constant. In the high-temperature
limit, Ts, E � M , we find V

e↵

' +⇡↵�T
2

s /(2E) , similar
to the result for hot QED [20]. We have assumed that

M
=
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Figure 1. Comparison of the e↵ective matter potential Ve↵

for sterile neutrinos (black curves) to the active–sterile os-
cillation frequency �m2/(2E) (green line) at E ' T� and
�m2 = 1 eV2. As long as |Ve↵| � �m2/(2E), oscillations
are suppressed. Di↵erent black curves show |Ve↵| for di↵erent
values of the gauge boson massM , with solid lines correspond-
ing to Ve↵ > 0 and dashed lines indicating Ve↵ < 0. Thin
(Thick) lines show exact numerical (approximate analytical)
results. The hidden sector fine-structure constant is taken as
↵� ⌘ e2�/(4⇡) = 10�2/(4⇡). Red lines show the contribution
to Ve↵ from an asymmetric DM particle with m� = 1 GeV.
The QCD phase transition and active neutrino decoupling
epochs are annotated. The small kinks in the curves are due
to changes in g⇤, the e↵ective number of degrees of freedom
in the Universe.

there is no asymmetry in ⌫s, which may be interesting
to consider [16, 21]. These analytical results are plot-
ted in Fig. 1 (thick black lines). For comparison, we also
calculated the potential numerically (thin black lines),
and found excellent consistency with the analytical ap-
proximations in their region of validity. The potential is
small only in a very small range of temperatures Ts ⇡ M ,
where the potential changes sign and goes through zero.
Note that the potential is always smaller that |k| and
vanishes at zero temperature.

In the presence of a potential, it is well-known that
neutrino mixing angles are modified. In the two-flavor
approximation, the e↵ective mixing angle ✓m in matter
is given by [22]

sin2 2✓m =
sin2 2✓

0�
cos 2✓

0

+ 2E
�m2V

e↵

�
2

+ sin2 2✓
0

, (4)

where ✓
0

is the vacuum mixing angle, and �m2 = m2

s �
m2

a is the di↵erence between the squares of the mostly
sterile mass eigenstate ms and the active neutrino mass
scale ma. If the potential is much larger than the vacuum

Weldon

Notzold
Raffelt
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Why is suppression of mixing not enough?

• New interactions, while solving one problem, introduce another

• While they suppress collisions due to Weak Interactions, they themselves 
mediate collisions

• Can flavor recoupling due to the new force can be delayed until T ~ 1 MeV?

• Quantitative question: compare rates
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Controversy!

Dasgupta and Kopp, PRL 112 , 031803 (2014) -> Secret interactions suppress the 
active-sterile mixing angle in the early Universe

Hannestad, Hansen, and Tram, PRL 112, , 031802 (2014) -> Mixing + collisions 
don’t violate N_eff bounds for heavy mediators.

Mirizzi, Mangano, Pianti, and Saviano, Phys. Rev. D 91 (2015) These models agree 
with Planck, but only marginally.

Archidiacono, Hannestad, Hansen, and Tram, Phys. Rev. D 91 (2015) -> Everything 
works great for VERY low mass mediators.

Chu, Dasgupta, Kopp, arXiv:1505.02795 -> There is more allowable parameter 
space than Mirizzi et al. found.

BOTTOM LINE: The accepted paradigm is that the BR mechanism is efficient: 
hidden interactions can delay recoupling indefinitely.
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We do not agree!

Cherry, A. F., Shoemaker, arXiv:1605.06506

• We carefully analyzed the numerous physical regimes of the problem:

• Heavy mediator, Light mediator, Resonant, Oscillation dominated, Collision dominated, Non-
freestreaming at CMB epoch ...

• We find that for the oscillation parameters suggested by the oscillation “anomalies” the 
thermalization temperature has a fundamental lower limit

• This is close to 1 MeV of weak decoupling. The BR mechanism is thus only marginally 
successful. 

• We derive the region of parameters where it is viable. The mediator masses are in the range ~ 
10-3-102 MeV. 

• We then show that this enter range will be probed in the near future.

T0 ⇠ (sin2 2✓(�m2)2Mpl)
1/5 ⇠ 200 keV
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Recoupling isocontours

arXiv:1605.06506 for details
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Light mediators: excluded by free-streaming

• For sufficiently large coupling, 
neutrinos, even the ones 
predominantly active, scatter 
even at the CMB epoch

• In conflict with PLANCK 

Friedland, Zurek, Bashinsky, 
0704.3271

Here, geff is effective coupling, g sin𝜭 $ $

geff < (Trec/Mpl)
1/4(m�/Trec)

geff < 10�7(m�/1 eV)
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What is the physics of Planck’s sensitivity?

• Comparing the same populations of free-streaming and coupled neutrinos, the 
“background” effects on the expansion rate is the same

• The difference is in the evolution of perturbations: the scalar mediated 
interactions could turn neutrinos into a fluid

• Fluid density perturbations evolve differently from free-streaming neutrinos

• Gravity of neutrino perturbations during radiation domination affects the 
evolution of the perturbations in photon-baryon plasma

• The effect is not large, at ~20% level for density fluctuations

• P. J. E. Peebles, Astrophys. J. 180, 1 (1973)
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Free-streaming neutrinos and CMB

• Suppress the power of CMB fluctuations

• Shift the peaks by 

• Effect only present for multipoles that enter horizon before matter-radiation 
equality, zeq.

�Cl/Cl ⇠ �0.5⇢FS/⇢rad

�l ⇠ �57⇢FS/⇢rad

Hu & Sugiyama, Astrophys. J. 1996

Bashinsky & Seljak, Phys. Rev. D 2004
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Cosmological degeneracies

• The real challenge is to establish the size of the residual differences of the 
CMB predictions in the two scenarios, in comparison to the experimental 
resolution, after the ``nuisance'' parameters are appropriately adjusted.

• These residual differences turn out to be much smaller than the starting 
differences

• Difficult to write down a simple estimate for the predicted sensitivity of the 
experiments

• Detailed numerical scans of the multidimensional parameter space

• (NFS, Ncoupled, Ωbh2, Ωch2, θ, τ, Y, ns, nrun, log[1010 As])
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How can we probe this physics?
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I. Cosmology

• As we saw, Planck already provides valuable constraints

• Thanks to late recoupling, we can have a fractional Neff

• 1 eV sterile neutrino with a fractional population could help alleviate some 
issues between the Planck measured sigma8 and the Hubble constant and 
the local measurements

• See Planck papers, arXiv:1303.5076v3 and 1502.01589

• Well explained in Wyman, Rudd, Vanderveld and W. Hu, arXiv:1307.7715.

• Does not work with standard sterile neutrinos a la MiniBOONE!
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Adding a bit of 
hidden neutrino 
helps!

From Co, A.F., Horowitz, Zurek, in 
progress

• Task for CMB-S4!
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II. Self-interacting dark matter?

• As already mentioned, DM self-interactions could help with small-scale 
structure

• DM-DM scattering. Required cross section is

• The mediator particle in the <10 MeV range could do it

• Just what we have in our secluded window

� ⇠ 1 cm2(mX/g) ⇠ 10�24 cm2(mX/GeV)
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Dark-matter interactions with neutrinos?

• Interestingly, coupling between dark matter and neutrinos may further help 
alleviate the structure problems

• Boehm et al, 2001, 2002, 2004; van den Aarssen, Bringmann, and 
Pfrommer, 2012

• Coupling of SM to neutrinos early would keep DM density fluctuations 
from collapsing, until kinetic decoupling

• Mediator masses of <10 MeV work! (see later)

M
halo

⇠ 108M�

✓
keV

T
KD

◆3
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III. Testing for neutrino-neutrino interactions?  

• We have discussed DM-DM and DM-neutrino interactions. 

• How about neutrino-neutrino interactions?

• This may be the hardest interaction among the SM particles to constrain!

• A classic problem!

• Bounds of the order of 103-105 GF have been quoted 
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• Bardin, Bilenky, Pontecorvo (1970)

• Barger, Keung, Pakvasa (1982)

• Manohar (1987)

• Kolb & Turner (1987)

• Fuller, Mayle, Wilson (1988)

• Bilenky, Bilenky, Santamaria (1993)

• ...
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A n e w  h y p o t h e t i c a l  i n t e r a c t i o n  b e t w e e n  n e u t r i n o s  is  c o n s i d e r e d .  It  is  s h o w n  tha t  e v e n  r e l a t i v e l y  
s t r o n g  v e - v e ,  vtz - v/. t and  Pe - v t l  i n t e r a c t i o n s  a r e  not  in c o n t r a d i c t i o n  wi th  e x i s t i n g  d a t a  and  u p p e r  l i m -  
i t s  f o r  the  c o r r e s p o n d i n g  i n t e r a c t i o n  c o n s t a n t  a r e  o b t a i n e d .  New e x p e r i m e n t s  a r e  s u g g e s t e d  w h i c h  m i g h t  
g i v e  i n f o r m a t i o n  on ~, - v i n t e r a c t i o n s .  

I t  i s  t a k e n  f o r  g r a n t e d  t h a t  the  on ly  i n t e r a c -  
t i o n  w h i c h  n e u t r i n o s  u n d e r g o  i s  the  c l a s s i c a l  
w e a k  i n t e r a c t i o n .  N e v e r t h e l e s s ,  t he  q u e s t i o n  
c a n  be  pu t  a s  to w h e t h e r  the  n e u t r i n o  m a y  u n d e r -  
go a d d i t i o n a l  i n t e r a c t i o n s .  Our  w o r k  i s  c o n -  
c e r n e d  w i th  a p o s s i b l e  i n t e r a c t i o n  b e t w e e n  n e u -  
t r i n o s .  Of c o u r s e ,  t h e r e  i s  a n  i n t e r a c t i o n  b e -  
t w e e n  n e u t r i n o s  a r i s i n g  in  the  s e c o n d  o r d e r  of 
the  u s u a l  w e a k  i n t e r a c t i o n ,  bu t  h e r e  we s h a l l  
c o n s i d e r  a new ( h y p o t h e t i c a l )  v - v i n t e r a c t i o n .  
As  i t  t u r n s  out ,  e v e n  a r e l a t i v e l y  s t r o n g  v - v 
i n t e r a c t i o n  i s  not  in  c o n t r a d i c t i o n  w i t h  e x i s t i n g  
da ta .  We s u g g e s t  t h e n  new e x p e r i m e n t s  w h i c h  
m i g h t  g ive  i n f o r m a t i o n  on the  v - v i n t e r a c t i o n .  

In the  p r e s e n c e  of n o n - w e a k  v - v  i n t e r a c -  
t i o n s  w i l l  a p p e a r  m a n y  p h e n o m e n a ,  a m o n g  w h i c h  
we s h a l l  c o n s i d e r  i) s o m e  new t y p e s  of d e c a y s  
( s ee ,  f o r  e x a m p l e ,  fig.  l a ) ,  i i)  s o m e  new t y p e s  
of n e u t r i n o - i n d u c e d  p r o c e s s e s  a t  h i g h  e n e r g y  

C.L. 
g. 

F i g .  1. 

( s ee ,  f o r  e x a m p l e ,  fig.  l b ) ,  i i i )  n e u t r i n o  " f o r m  
f a c t o r s "  ( see  f ig.  l c ) .  

In a d d i t i o n  to the  u s u a l  w e a k  d e c a y s  wi th  
e m i s s i o n  of l e p t o n s ,  a v - v i n t e r a c t i o n  c l e a r l y  
i m p l i e s  d e c a y s  w i th  the  e m i s s i o n  of a n  a d d i -  
t i o n a l  v - ~ p a i r .  L e t  us  f i r s t  c o n s i d e r  the  d e c a y  

~ + - e + +  r e +  Ve + ~e " (1) 

In a po l e  a p p r o x i m a t i o n  we o b t a i n  f o r  the  e l e c -  
t r o n  s p e c t r u m  in  p r o c e s s  (1) the  e x p r e s s i o n  

dW 1 G2F2 if~l mTr × 
~ e 3 v  - 27~ 5 VeVe 

× ( l + r  2 - 2 x ) ( x 2 - r 2 )  1/2 [ ( 1 - 2 x ) x + r  2] , (2) 

w h e r e  G ~ 10 -5 mp 2 i s  the  w e a k  i n t e r a c t i o n  
c o n s t a n t .  If~l ~ 0.92 rnTr i s  the  F - d e c a y  c o n s t a n t ,  
r = rne/m~,  x E / m ~  (E i s  the  e l e c t r o n  e n e r g y ) ,  
a n d  FVeVe i s  the  v e - v e i n t e r a c t i o n  c o n s t a n t .  

To  be  c o n c r e t e ,  we s e l e c t e d  fo r  the  v e - v e e f -  
f e c t i v e  H a m i l t o n i a n  the  v e c t o r  f o r m  ~VeVe  = 

= F½  ~e (PeVa Ve)(~eVa re)" N e g l e c t i n g  the  e l e c -  

t r o n  m a s s  we o b t a i n  f o r  the  t o t a l  p r o b a b i l i t y  of 
p r o c e s s  (1) 

1 G2F 2 If~12m 7 o (3) 
Wn ~ e 3 v  - 157T5211 ~eVe 

F o r  c o m p a r i s o n  we g ive  a l s o  the  w e l l - k n o w n  
e x p r e s s i o n  of W~ ~ lv (l i s  a c h a r g e d  l ep ton) :  

_ 1  2 m2m (1 m2 2 
Wrr_.g v 23~G Ifzr[ 2 - ~ - )  o (4) 

7r 
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t w e e n  n e u t r i n o s  a r i s i n g  in  the  s e c o n d  o r d e r  of 
the  u s u a l  w e a k  i n t e r a c t i o n ,  bu t  h e r e  we s h a l l  
c o n s i d e r  a new ( h y p o t h e t i c a l )  v - v i n t e r a c t i o n .  
As  i t  t u r n s  out ,  e v e n  a r e l a t i v e l y  s t r o n g  v - v 
i n t e r a c t i o n  i s  not  in  c o n t r a d i c t i o n  w i t h  e x i s t i n g  
da ta .  We s u g g e s t  t h e n  new e x p e r i m e n t s  w h i c h  
m i g h t  g ive  i n f o r m a t i o n  on the  v - v i n t e r a c t i o n .  

In the  p r e s e n c e  of n o n - w e a k  v - v  i n t e r a c -  
t i o n s  w i l l  a p p e a r  m a n y  p h e n o m e n a ,  a m o n g  w h i c h  
we s h a l l  c o n s i d e r  i) s o m e  new t y p e s  of d e c a y s  
( s ee ,  f o r  e x a m p l e ,  fig.  l a ) ,  i i)  s o m e  new t y p e s  
of n e u t r i n o - i n d u c e d  p r o c e s s e s  a t  h i g h  e n e r g y  

C.L. 
g. 

F i g .  1. 

( s ee ,  f o r  e x a m p l e ,  fig.  l b ) ,  i i i )  n e u t r i n o  " f o r m  
f a c t o r s "  ( see  f ig.  l c ) .  

In a d d i t i o n  to the  u s u a l  w e a k  d e c a y s  wi th  
e m i s s i o n  of l e p t o n s ,  a v - v i n t e r a c t i o n  c l e a r l y  
i m p l i e s  d e c a y s  w i th  the  e m i s s i o n  of a n  a d d i -  
t i o n a l  v - ~ p a i r .  L e t  us  f i r s t  c o n s i d e r  the  d e c a y  

~ + - e + +  r e +  Ve + ~e " (1) 

In a po l e  a p p r o x i m a t i o n  we o b t a i n  f o r  the  e l e c -  
t r o n  s p e c t r u m  in  p r o c e s s  (1) the  e x p r e s s i o n  

dW 1 G2F2 if~l mTr × 
~ e 3 v  - 27~ 5 VeVe 

× ( l + r  2 - 2 x ) ( x 2 - r 2 )  1/2 [ ( 1 - 2 x ) x + r  2] , (2) 

w h e r e  G ~ 10 -5 mp 2 i s  the  w e a k  i n t e r a c t i o n  
c o n s t a n t .  If~l ~ 0.92 rnTr i s  the  F - d e c a y  c o n s t a n t ,  
r = rne/m~,  x E / m ~  (E i s  the  e l e c t r o n  e n e r g y ) ,  
a n d  FVeVe i s  the  v e - v e i n t e r a c t i o n  c o n s t a n t .  

To  be  c o n c r e t e ,  we s e l e c t e d  f o r  the  v e - v e e f -  
f e c t i v e  H a m i l t o n i a n  the  v e c t o r  f o r m  ~VeVe  = 

= F½  ~e (PeVa Ve)(~eVa re)" N e g l e c t i n g  the  e l e c -  

t r o n  m a s s  we o b t a i n  f o r  the  t o t a l  p r o b a b i l i t y  of 
p r o c e s s  (1) 

1 G2F 2 If~12m 7 o (3) 
Wn ~ e 3 v  - 157T5211 ~eVe 

F o r  c o m p a r i s o n  we g ive  a l s o  the  w e l l - k n o w n  
e x p r e s s i o n  of W~ ~ lv (l i s  a c h a r g e d  l ep ton) :  

_ 1  2 m2m (1 m2 2 
Wrr_.g v 23~G Ifzr[ 2 - ~ - )  o (4) 

7r 
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Most of these constraints are complete avoided 

• The neutrino portal framework is distinct 
from hard 4-fermi interactions:

• Neutrinos in laboratory are produced as 
flavor states, don’t have the νD 
component until they oscillate. For 
example, processes of the type 
considered by Laha, Dasgupta & 
Beacom, arXiv:1304.3460 (a la Barger et 
al 1982) don’t occur in the detector

• In dense environments such as supernova, 
large matter potential reduces the admixture 
of the “sterile” state --> Manohar 1987 does 
not apply

4

V

�̄µ

µ�

as

as

fK W �
ū
sK�

�

FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.

We consider the 3-body decay K� ! µ� ⌫µ V , as
shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [18]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [106]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [107]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [107].

To obtain our constraint, we use the results
from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to
obtain the partial decay width �(K� ! µ� ⌫µ V ).
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K� ! µ� ⌫µ (solid blue) measured in [106] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [107], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

The measured constraint on the branching ratio
�(K�! µ� + inv.)/�(K�! µ� ⌫µ)  3.5 ⇥ 10�6 [107]
leads to the limit on g⌫ shown in Fig. 1. If the V boson
were to couple only to the neutrino, then the limit on g⌫
would naively be a factor of ⇠ 3 stronger than what is
presented here.
The constraints from W and kaon decays do not apply

directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [108], which would then provide a natural UV cuto↵
to the calculations. Since in this e↵ective model, the
V -boson mass, mV , is proportional to the UV cuto↵ of
the theory, it is not possible to take to take the limit of
mV ! 0 in this model.

III. CONSTRAINT FROM SCATTERING

A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
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Neutrino-neutrino collider?

• We need to collide neutrino mass eigenstates, which have admixture of the 
“sterile” component that gives them new interactions

• Not feasible in the lab, but we can use the universe as the experimental setup

• Icecube has observed neutrinos in the PeV energy range, that likely originate 
from cosmological distances

• These neutrinos on their way to us travel through the relic neutrino 
background. Both the beam and the background had enough time to oscillate 
and separate into mass eigenstates.
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Standard model: Z-bursts

• It is well known that in the SM the 
universe is transparent to 
neutrinos with energies below 
~1022 eV

• At those ~1022 eV, the neutrinos 
finally get scattered/absorbed 
because of the s-channel Z-boson 
resonance

• T. Weiler, PRL 1982
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Fig. 1. The absorption redshift Za (line 1) for cosmic neutrinos as a function of the neutrino energy at
emission E, taking 120h

2 = 1. The other lines indicate: (2) the boundary between the two regions where
absorption due to annihilation and scattering dominate; (3) the present epoch; (4) the Z-boson pole; (5)

the epoch ofmatter-radiation equality; (6) the epoch of light—neutrino decoupling.

Approximate expressions for the absorption redshift Za(Ee) can be obtained for
1 ~Z Ze <Zeq and Ze >> Zeq• In these cases, the result of the integration simplifies to

3.5 x 1017(fl
0h2)’/

2(1 +ze)5~2(Ee/TeV), for 1 ~Ze <Zeq,
(2.20)

0.81 x 10’~(1+ze)2(Ee/TeV), for Ze >>Zeq•

The absorption redshift Za(Ee) is then obtained by setting s~= 1:

1 +Za(Ee)

= 3.8 x 106(12t
1h2)l/S(Ee/TeV)_

2/S, Ec  5.2 X i0~TeV(fl
0h2)

2, (2.21)

1.1 x 10~(Ee/TeV)~’~2, Ee~5.2X i0~TeV(fl
0h2)

2.

3. Neutrino spectrum

We now determine the present energy spectrum of neutrinos originating from
the decay of an unstable heavy particle x with decay lifetime i-s. The number of

Gondolo, Gelmini, 1993

Ec.m. ⇠
p

(10�1 eV)(1023 eV) ⇠ 102 GeV ⇠ mZ
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Light mediator

• The standard transparency conclusion is based on standard physics 
only

• We now have a light mediator particle? 

• resonant condition

• The same mass scale as for the dark matter self-interactions! 

• After scattering, neutrinos are mostly converted into the “sterile” 
state, disappear from the observed flux 

m2
� = s ⇡ 2m⌫E⌫

=) m� ⇠
p
(10�1 eV)(1015 eV) ⇠ 107 eV
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Example calculation
Sources are GBRs (Waxman-
Bahcall) + AGNs at high E
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Discussion of the results

• Notice the width of the 
absorption band between 0.3 
and 1 PeV. This is where 
IceCube sees no events

• This width is obtained 
automatically, as a 
consequence of the 
distribution of GRBs with 
redshift

• The absorption line sweeps 
through that part of the 
spectrum as the universe 
expands 

Bert, 
Ernie,Big Bird “Gap”

Lower energy 
events

Atmospheric 
BG

Hi energy 
cutoff
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Some interesting implications: source correlations

• Too much absorption would be 
mean no isotropy of sources

• Intermediate range could mean 
absorption from far sources

• -> Source correlations!

•
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Concordance

• Relic abundance (black)

• DM self-interactions (purple)

• DM-neutrino interactions (green)

• IceCube (red)
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In summary

• Short-baseline oscillations could be reconciled with cosmology with additional 
physics in the hidden sector, but the mechanism is only marginally successful

• A very specific window of mediator parameters allowed, will be completely covered in 
the near future (CMB-S4, IceCube-Gen2).

• CMB and UHE neutrinos sensitivities are complementary

• May resolve tensions between CMB data of Planck and local H0, sigma8

• A variety of signatures in IceCube, spectral features as well as source correlations

• This window happens to have the right properties for self-interacting and neutrino-
coupled dark matter

46Thursday, October 6, 16


